Abstract: Frontal polymerization of 2-hydroxyethyl methacrylate was investigated to study the effect of type and concentration of initiator, solvent and diluent on the existence of a front, on front velocity as well as front temperature. A significant effect of the type of initiator and its concentration was recorded. Poly(2-hydroxyethyl methacrylate) (PHEMA) was obtained predominantly as a gel. The different gels were evaluated for water and cyclohexane gain and porosity, and the mechanism of gel formation is discussed. Amongst the three diluents used (silica gel, β-cyclodextrin and silica sol), gel formation was highest in the presence of silica sol (≈ 42%). Pore dimensions were less than 15 nm and pore size distribution was narrow. PHEMA networks showed significantly higher water regain due to swelling than attributed to the pore volume as estimated by mercury porosimetry or cyclohexane regain. Kinetics of the equilibrium swelling ratio was studied.
Introduction
The hydroxyl group in poly(2-hydroxyethyl methacrylate) (PHEMA) can be derivatized to produce a wide range of polymeric reagents suited to pharmaceutical and chromatographic applications as well as to immobilize biopolymers (enzymes, antibodies, cells), encapsulate mammalian cells and other sensitive compounds [1] [2] [3] [4] [5] [6] [7] [8] . Transparent PHEMA, prepared by bulk polymerization, forms gels by entrapping water or other liquids. Polymerization in the presence of a liquid diluent, below a critical concentration, leads to transparent gels. On equilibrium swelling, PHEMA attains a three-dimensional rubbery state. In swollen crosslinked gels, termed 'fishnet gels', the crosslinks are separated by large zones of flexible polymer strands, structurally akin to typical rubber-like networks. Crosslinked PHEMA displays rubber-like behaviour above the glass transition temperature (≈ 70 -90°C) or when swollen with water or polar diluents [9] .
In frontal polymerization (FP) exothermicity of the reaction drives a self-sustaining travelling polymerization front. The phenomenon has been extensively investigated recently [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and a variety of polymers have been synthesized. Advantages ascribed to FP are: (i) reduced waste, (ii) reduced energy costs, (iii) generation of unique morphologies, and (iv) rapid polymerization [16] .
Several researchers have contributed to extending the boundaries, especially to make FP commercially viable: Pojman et al. produced thermochromic material and interpenetrating polymer networks (IPNs) [18, 19] . Mariani et al. [24] [25] 32] synthesized polyurethanes and polydicyclopentadiene and established a methodology to rapidly cure unsaturated polyesters. Zhai et al., and Koike and Zhang et al. have demonstrated the synthesis of gradient refractive index (GRIN) material by isothermal FP [26] [27] [28] . FP has also been used to cure mortar composition [29] , synthesize copolymers [30] , hydrogels [31], polymer-dispersed liquid crystals [33] , homogeneous polymer blends [34] , and crosslinked functional polymers [35] .
Here we report on travelling fronts in the homopolymerization of HEMA. The effect of type and concentration of the initiator, type and volume of porogens as well as diluents on the sustainability of the front, front velocity and front temperature were investigated relative to yield, gel formation, glass transition temperature and porosity in the PHEMA formed.
Results and discussion
Initiator effects The use of benzoyl peroxide (BPO) and dicumyl peroxide (DCP) as initiators did not yield a sustainable front, but for different reasons. BPO was studied at 1, 2, and 4 mol-% concentrations relative to HEMA. Fig. 1 shows that the front temperature measured by the thermocouple increased with BPO concentration because front temperature is known to be dependent on initiator concentration [22] . However, the front did not propagate due to extensive bubbling and fingering over the entire composition. A repetition of the experiments at each BPO concentration indicated a 5 -10% fluctuation in the measured temperatures, which means that thermal fluctuations exceed the temperature variations relative to BPO concentration. Benzoyl peroxide decomposes at 55°C. This decomposition in viscous medium into benzoyl radical predominantly liberates carbon dioxide, which is followed by coupling 2 with the other benzoyl radical to obtain phenyl benzoate [36] . Bubble expansion causes more convection under a descending front than in a buoyancy-driven flow [22] . The total increase in pressure is twice the initial value. Another source of bubbles is the trace of water invariably present in the monomer. 1 mg of water produces 2 cm 3 water vapour at front temperature (≈ 150°C) and 1 atm pressure, which causes extensive bubbling. Further front distortion arises from convective fingering [16] . One way to eliminate these difficulties is to perform the reactions under pressure. We did not conduct the reactions under pressure because it is difficult to manage a temperature control in a pressure reactor.
The flash temperature of DCP is 110°C. Front sustainability (activation energy of the polymerization front) depends upon the decomposition activation energy of the initiator. Only localized homopolymerization was observed at all DCP concentrations. At higher DCP concentrations, fingering was observed with localized homopolymerization. The temperature profile, however, indicated an enhancement in the front temperature with increasing DCP concentration (Fig. 1) . DCP, having greater thermal stability, gave a wider heat conductivity zone [42, 43] .
A self-sustaining front was observed when AIBN was used as initiator. The activation energy for decomposition of AIBN is the lowest amongst the three initiators investigated. A uniform, clear front was observed only at 1 mol-% AIBN concentration. At higher concentrations (2 and 4 mol-%), front seized around 50% conversion because large bubbles were formed by excessive bubbling at the front, as a result of increased nitrogen evolution, which led to a discontinuous liquid phase thereby preventing propagation by thermal conduction. Fig. 1 shows that the front temperature at different concentrations of AIBN was within a narrow band in the range 127 -130°C. Literature reports indicate that bubble formation increases the velocity of the front at ambient pressure by as much as 25% as compared to fronts in identical polymerizations under pressure [22] . Here front velocity increased with the AIBN concentration (0.44, 0.62, 0.92 cm/min for 1, 2, and 4 mol-% AIBN, respectively). At all compositions, front propagated in the form of small bubbles, which migrated to the central region of the front before disappearing within the polymer.
There are literature reports that mixed initiators increase the efficiency of FP [16] . AIBN/DCP and AIBN/BPO dual initiator systems were studied with HEMA (1:1 mole ratio). While the first combination did not yield FP, propagation was observed with the latter till 85% of the overall run (column length).
Solvent effects
Frontal polymerization was investigated in the presence of high boiling solvents such as cyclohexanol (160°C) and 2-ethoxy ethyl acetate (EEA, 156°C) using 2 and 4 mol-% AIBN. No frontal polymerization was observed at the three HEMA : cyclohexanol v/v ratios investigated (HEMA : cyclohexanol = 1:1.6, 1:0.8, 1:0.4). Only extensive fingering was noticed. At identical compositions with EEA, the front propagated very marginally prior to collapse. The thermal autocatalysis for the frontal polymerization takes place in the initiator decomposition step because the radical concentration primarily controls the polymerization rate. In liquid monomers, with initiators having low activation energy and at lower concentration, solvents considerably reduce the viscosity of the medium and the heat of polymerization is not sufficient to sustain the front. The dense polymer descends from the top as drizzles, destroying the 'autocatalytic action' needed to sustain and propagate the front.
Diluents and test tube size
Experiments were conducted in two test tubes of differing diameter, 18 and 25 mm, respectively. No discernable differences were noticed with BPO and DCP. With AIBN, at 1 mol-% concentration, the front temperature increased with increasing diameter of the test tube (130, 135, 170°C for 15, 18 and 25 mm test tubes, respectively). In the widest test tube the front propagated with bubbling and fingering.
Gels
The effect of inert diluents on FP was investigated in test tubes of identical dimensions (25 x 150 mm) with AIBN at 1 mol-% concentration. Diluents increase the viscosity of the medium, which suppresses the instabilities [22] . The three diluents chosen were: silica gel (SG, 100 -400 mesh), β-cyclodextrin (CD) and silica sol (SS, 40% w/v silica in water) (7% w/v of monomer). Clear FPs were observed with all diluents. It is known that this increase in viscosity of the medium results in gels. Simultaneously, the polymerization front is known to flatten [37] . While these phenomena were observed in the present system, initial diminutive fingering and bubbling was noticed with silica gel.
Maximum front temperatures of 173, 153, and 128°C were recorded with silica gel, β-cyclodextrin and silica sol, respectively. The front temperature was suppressed by silica sol due to 60% water content. Front velocities were 0.50, 0. 23 The data presented in Tab. 1 indicate maximum gel formation (W g = 0.42) in the presence of SS, due to the water. It is imperative to study the behaviour of PHEMA beads in water, for applications as implants that come in contact with blood. Thus, the porous structure was characterized by water regain (g H 2 O/g dry material). The water regain of PHEMA formed in the presence of SG was 0.42 g/g, corresponding to an equilibrium water content (EWC) of 29.57%. Thus, the polymers possess only geltype microporosity (swelling porosity) and not a permanent pore structure. The particles are glassy when dry. Obviously, no phase separation occurs in glassy particles during polymerization. With CD as diluent, water regain was 1.93 g/g, which corresponds to an overall porosity of 65.87%. No explanation can be provided for this anomalous behaviour except that the large-sized cyclodextrin with specific hydrophilic and hydrophobic regions generates some thing akin to a memory effect.
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In contrast, in the presence of SS, FP results in phase separation. The continuous medium (water) does not remain in the network, but boils off during the polymerization and the purified and dried polymer exhibited permanent pores or holes on loss of porogen. However, the higher FP temperature resulted in smaller pores and hence larger surface area [35] . These particles showed a water regain of 1.6 g/g, corresponding to an overall porosity of 61.53%. The swelling porosity is over and above the permanent porosity in the dry state.
These results are interesting. The maximum reported equilibrium swelling content (EWC) of PHEMA is 39%. The conventional approach to boost the EWC is to copolymerize HEMA with a more hydrophilic comonomer, N-vinyl-2-pyrrolidone. FP methodology is advantageous, as it directly yields a better swelling PHEMA. This is crucial to contact lens applications since the oxygen permeability of any lens is solely governed by EWC [40] . The internal pore volumes of the three samples (synthesized using diluents) were measured by mercury intrusion porosimetry and by cyclohexane regain. Mercury porosimetry identifies the presence of meso-and macropores. The low volumes obtained (0.025 -0.027 mL/g) indicate that the pores in PHEMA are not of this dimension. Gel formation in PHEMA is a consequence of inter-and intramolecular crosslinking, arising from chain transfer to the hydroxy hydrogen. This is well recorded in FP of acrylamide and is ascribed to imidization [14] . The high temperature and radical concentration causes intermolecular crosslinking due to a relative increase in the chain transfer to polymer. Porosity is a consequence of the osmotic pressure of the monomer and the gaseous products evolved during polymerization [35] . Fig. 2 , a graph of dV / d log P vs. radius (r in nm), shows the pore size distribution in PHEMA prepared using SS as diluent. Smaller pores (<15 nm) are generated. The initiator also plays a vital role in forming smaller pores. The decomposition rate of the initiator increases with temperature. More free radicals are produced at higher front temperatures, which results in a large number of nuclei and globules.
Since the monomer concentration is very nearly the same in each polymerization, the increasing number of globules translates into a decrease in pore size, at a given polymerization (front) temperature. In the absence of a porogen, only the void space between macromolecular chains is available for the transfer of solute molecules. The pore diameter is, therefore, within the range of molecular dimensions, not larger than a few nanometers. Since mercury porosimetry typically recognizes pores only in the range of 10 000 nm to 35 nm [9] , the actual pore volume will be higher than that recorded, due to the presence of smaller pores.
The dry porosity of PHEMA networks bears no correspondence to the swollen-state porosity. Water regain of PHEMA networks is thus always significantly higher than cyclohexane regain or the pore volume obtained from mercury porosimetry. Mercury porosimetry estimates the porosity in bone-dry samples. The removal of diluent and drying collapses the expanded networks, but this is reversible and the network regains the original size on addition of water [39] . Thus, the pore volume measured by mercury porosimetry is lower than that estimated from water regain but is equivalent to the pore volume obtained from cyclohexane regain. Fig. 3 . Equilibrium volume swelling ratio as a function of time for PHEMA gels formed using cyclodextrin (CD, ▲), silica gel (SG, ♦) and silica sol (SS, ■) as diluents Fig. 3 represents a plot of q v vs. time. The swelling is governed by two separate processes: 1) water filling of pores as determined by the volume of the diluent, which separates from the network phase during polymerization, and 2) solvation of network chains, as determined by the volume of the diluent remaining in the network structure during polymerization. Solvation depends on the interaction between water molecules and segments in the polymer network. This process is characterized by the equilibrium volume swelling ratio, q v , of the network in water, if isotropic swelling is assumed -the pore volume remains constant on swelling. Thus, q v includes only the amount of water taken up by the gel portion of the network. A kinetic study shows that the gels attain equilibrium swelling in 4 h (Fig. 3) . The maximum equilibrium volume swelling ratio was obtained in the presence of CD.
Reactions at lower temperature
Reactions were attempted at lower temperatures to obtain homopolymer free from gelation. Two sets of reactions of identical compositions (1 mol-% AIBN, 25 x 150 mm test tube) were conducted. In the first one, the polymerizing mixture was maintained at 0°C for 4 days and in the second reaction, the mixture was frozen to liquid nitrogen temperature to yield a solid matrix (freeze-thaw technique) [9] . In the former, the front went to completion with bubbling. In the latter, FP was successfully triggered to yield a front without fingering and extensive bubbling. The starting temperature was approximately -100°C. Interestingly, the thermocouple recorded two maxima, one at the front temperature, 57°C, and the other at 104°C. The higher temperature is indicative that inter-and probably intramolecular reactions, which are responsible for the gel formation, occurred due to instabilities. The front velocity was uneven and slow (0.5 cm/min). Small bubbles arose continuously from the bottom of the test tube. PHEMA obtained in both cases comprised of ≈ 25 -30% gel. These results indicate that it is difficult to circumvent the facile inter-and intramolecular chain transfer reactions that occur in the bulk polymerization of HEMA.
Other characterization
PHEMA gels synthesized using crosslinker (ethylene dimethacrylate) show a higher glass transition temperature, as compared to the homopolymer. The glass transition temperature of PHEMA is quite similar to that found for PHEMA gels prepared in the present investigation (77 vs. 79°C). We did not measure the molecular weights of the homopolymers, since there is a high probability of obtaining inaccurate results due intramolecular reactions, as observed with poly(methacrylic acid) [23] . 
Experimental part

Materials used
Polymerization
To synthesize poly(2-hydroxyethyl methacrylate), HEMA was mixed with AIBN (different mole fractions) in a thick-walled test tube (diameter 15 mm, length 125 mm) marked in 1 mm units. Polymerization was initiated by means of solder gun till propagation of the front. The velocity, i.e., the distance travelled by the front per unit time (1 min), was timed. The temperature profile was measured by inserting a K-type thermocouple in the reaction mixture (2 cm from top and monitoring the temperature by a digital thermocouple reader from Hi-Tech Scientific, India).
Purification and isolation
Homopolymers were incompletely soluble in reported solvents for PHEMA prepared by solution polymerization. Dimethylformamide was repeatedly used to extract unreacted monomer, linear polymer, additives (cyclodextrin, silica gel, silica sol) and initiators at room temperature. The crude gels were cut, placed in an excess of DMF containing a small amount of 1,4-benzoquinone as an inhibitor, and the solvent was replaced every other day over one week until no further extractables could be detected. The networks, after extraction, were carefully deswollen in a series of DMFmethanol mixtures of progressively increasing methanol content. They were washed several times with methanol and dried at room temperature in vacuum to constant weight. The amount of soluble polymer was determined gravimetrically by precipitating it in an excess of methanol followed by vacuum drying. The weight fraction of gel, W g , was calculated as [41] W g = g / (g + s)
where g and s are the weights of extracted network and soluble polymer, respectively.
Swelling measurements
The swelling measurements were carried out in water at room temperature. In order to reach the equilibrium degree of swelling, the networks were immersed in water for at least one week; the swelling equilibrium was tested by weighing the samples. To achieve a good precision, three measurements were carried out on samples of different weight taken from the same gel. The networks were then weighed in the swollen state and dried, after a solvent exchange with methanol as described above, in vacuum to constant weight. The extent of swelling was characterized by q v , the volume swelling ratio, which was calculated as [41] 
where q w is the ratio of weights of the gel in the swollen state and the dry state, and d p and d s are the densities of polymer and solvent, respectively.
Characterization
The pore volume was determined from water and cyclohexane regain [38] . Mercury intrusion porosimetry (Quantachrome Corp., USA) was used to estimate pore volume and pore size distribution. The equilibrium water content was found out by fully drying the samples in a vacuum oven to constant weights followed by reswelling in water. The equilibrium water content (EWC) is defined as [40] EWC (%) = 100 x (W w -W d ) / W w where W w and W d are the weights of the fully hydrated and dry polymer gel, respectively.
Glass transition temperatures of PHEMA samples, both homo and gel polymers, were measured by differential scanning calorimetry (DSC) (Mettler-4000 thermal analyzer coupled to a DSC-30S cell).
Conclusion
Travelling fronts in the polymerization of 2-hydroxyethyl methacrylate were studied. Series of polymerizations were conducted varying parameters such as type and concentration of initiator, solvent, test tube size, diluents etc. Only AIBN among AIBN, BPO and DCP as well as the dual initiator systems AIBN/BPO and AIBN/DCP could sustain the frontal polymerization. Cyclohexanol and 2-ethoxyethyl acetate triggered double diffusive instabilities, which distorted the front. Frontal polymerization of HEMA yielded gels. Diluents were effective in suppressing instabilities. Gels formed were characterized by water and cyclohexane regain and mercury porosimetry. Water regain was significantly higher than cyclohexane regain or pore volume as measured by mercury porosimetry. The effective water content (EWC) was much higher than that observed hitherto for PHEMA by conventional polymerization, which is advantageous in applications like contact lenses.
